Background: Emerging evidence suggests that angiogenic and pro-inflammatory cytokine leptin might be implicated in ocular neovascularization. However, the potential of inhibiting leptin function in ophthalmic cells has never been explored. Here we assessed mitogenic, angiogenic, and signaling leptin activities in retinal and corneal endothelial cells and examined the capability of a specific leptin receptor (ObR) antagonist, Allo-aca, to inhibit these functions.
Introduction
Angiogenesis plays a central role in adult tissue homeostasis and is also responsible for several pathological conditions, including those affecting the eye [1, 2] . Ocular neovascularization is a pathological hallmark of some forms of vision-threatening complications, including proliferative diabetic retinopathy (PDR), age related macular degeneration (AMD) and corneal pathologies [2] [3] [4] [5] .
The complex pathophysiology of ocular neovascularization reflects impairment of metabolic, endocrine and hematologic systems, which leads to the development of local imbalance between pro-angiogenic/inflammatory factors and their modulators [2, 4] . The overexpression of vascular endothelial growth factor (VEGF) is thought to be the leading cause of abnormal vessel formation in the eye. However, several other activators of angiogenesis such as platelet-derived growth factor, basic fibroblast growth factor (bFGF), hepatocyte growth factor, interleukins 1a, 6 and 8, and leptin have also been implicated [6] . Many of these factors act through upregulation of VEGF synthesis but their direct involvement remains largely unclear [1, 6] . At present, VEGF targeting drugs (i.e., ranibizumab, a modified anti-VEGF antibody and aflibercept, a VEGF trap fusion protein) are approved for the treatment of wet AMD and diabetic macular edema (DME), and experimentally used for other eye diseases, e.g., PDR [7] . However, adverse effects (systemic and ocular) and development of resistance to the treatment have been noted with long-term use. Thus, targeting pro-angiogenic factors other than VEGF could be prove to be an effective alternative or complementary therapy for pathological neovascularization in the eye [4, [6] [7] [8] [9] .
This study focuses on molecular targeting of pro-angiogenic action of leptin in retinal and corneal cell models. Leptin, a pluripotent cytokine has been first described as an adipocytederived hormone that regulates energy expenditure and food intake via hypothalamic effects [10, 11] . Later studies proved that leptin is expressed in different peripheral organs and tissues and is involved in multiple physiological and pathological processes, such as immune response, hematopoiesis, fertility, bone remodeling, cardiovascular disease, type 2 diabetes, and cancer [12] [13] [14] [15] [16] .
Of special interest is the ability of leptin to regulate normal and abnormal angiogenesis. The leptin receptor (ObR) was detected in vascular endothelial cells and studies in vitro demonstrated that leptin can induce angiogenic differentiation, migration and proliferation in endothelial cells. Most of these studies were carried out using human umbilical vein endothelial cells (HUVEC) or aortic endothelial cells [17] [18] [19] [20] [21] [22] [23] ; only one study involved retinal endothelial cells [24] .
Leptin exerts its effects through multiple intracellular signals, including the Janus kinase 2/signal transducer and activator of transcription (JAK2/STAT3), Ras/extracellular signal-regulated kinase 1/2 (Ras/ERK1/2), phosphoinositide 3 kinase/protein kinase B/glycogen synthase kinase 3 (PI-3K/Akt/GSK3) as well as pro-inflammatory cyclooxygenase 2 (COX2) and nuclear factor kappa B (NFκB) pathways [21, [25] [26] [27] [28] . In HUVEC, the use of specific inhibitors suggested that leptin-mediated angiogenesis depends on ObR crosstalk with VEGFR2 and is mediated through a functional axis involving p38 MAPK , Akt/PI3K/ Akt, and COX2 [21] . Interestingly, some studies show that leptin-induced angiogenesis in HUVEC can be partially reduced with VEGFR inhibitor [21] , while others did not observe such effects [29] , suggesting independent leptin action.
A few recent studies addressed the role of leptin in ophthalmic experimental models. ObR was detected in primary porcine retinal endothelial cells and leptin treatment stimulated STAT3 phosphorylation and induced VEGF mRNA expression in this model [24] . In a corneal angiogenic assay, leptin stimulated vessel formation synergistically with FGF [23] . However, leptin was not able to induce neovascularization in corneas from fa/fa Zucker rats that lack functional ObR [20] . In mouse models, transgenic overexpression of the leptin gene (ob) potentiated ischemia-induced retinal neovascularization, while leptin deficiency due to ob inactivation, significantly reduced ocular angiogenesis. Leptin action in ob transgenic mouse model was mediated, at least in part, through increased VEGF expression [24] . Noteworthy, alkali-induced corneal neovascularization in normal mice was associated with leptin and VEGF overexpression in the regions of new vessels formation [30] .
While experimental data suggested leptin involvement in ocular neovascularization, relevant clinical reports are scarce and occasionally conflicting. Gariano et al. demonstrated that in a group of 48 patients with proliferative diabetic retinopathy (PDR) or retinal detachment (RD), intravitreous leptin levels were significantly elevated relative to leptin expression in the eyes of patients with other ocular diseases [31] . In addition, the study suggested that locally produced leptin, not simply leptin derived form circulation, could be involved in the pathogenesis of PDR and RD [31] . Similarly, a small study confirmed higher vitreous leptin levels in PDR relative to other retinopathies [32] . On the other hand, other preliminary analysis involving 25 patients with PDR demonstrated that intravitreous leptin was not directly associated with the disease [33] .
Until present, blocking leptin signals in experimental ophthalmic models has not been attempted. We recently generated peptide-based compounds that interfere with leptin/ObR binding and downstream signaling [15, 34] . The lead ObR antagonist, Allo-aca, is a 9 residue peptidomimetic that inhibits leptin-induced proliferation and signaling at pM-low nM concentrations in vitro and exhibits anti-neoplastic and antiinflammatory activities in vivo at 0.1-0.5 mg/kg/day doses [35] [36] [37] . The efficacy of Allo-aca in endothelial cells has never been addressed and is explored here in retinal and corneal cell models.
Methods

Reagents
The ObR antagonist, Allo-aca, is a short leptin-based peptidomimetic (H-alloThr-Glu-Nva-Val-Ala-Leu-Ser-Arg-Aca-NH 2 ) whose sequence is based on leptin/ObR binding site III. The design, development and efficacy of Allo-aca in vitro and in vivo have been reported by us before [35, [38] [39] [40] . An unrelated peptide Chex1-Arg20: H-Chex-Arg-Pro-Asp-Lys-Pro-Arg-ProTyr-Leu-Pro-Arg-Pro-Arg-Pro-Pro-Arg-Pro-Val-Arg-NH 2 was used as control [37] .
Leptin (human recombinant) and VEGF (human recombinant, VEGF 165) were purchased from R&D Systems (Minneapolis, MN).
Cell lines and growth conditions
Monkey endothelial retinal cells (RF/6A) and bovine endothelial corneal cells (BCE) were purchased from the American Type Culture Collection (Rockville, MD, USA). RF/6A cells were grown in Minimum Essential Medium (MEM) containing 1 g/L glucose, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). BCE cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/L glucose, L-glutamine, sodium pyruvate, 10% FBS and 1% P/S. All culture reagents and media were purchased from Cellgro (Cellgro, Herndon, VA, USA).
Proliferation assay
The cells (2) (3) (4) (5) th passage) were plated in 24 well plates at concentrations 8 x10 4 and 1x10 5 cells/well for RF/6A and BCE cells, respectively. At 70% confluence, the cells were shifted to serum-free medium (SFM: MEM or DMEM with 10 µM FeSO 4 , 0.5% bovine serum albumin, 1% FBS, 1% P/S) for 24 h and then treated with 50-500 ng/mL of leptin (R&D) for 24 or 48 h.
The effects of 10-500 nM Allo-aca on leptin mitogenic activity were tested following the analogous protocol. Cell numbers before and after treatments were determined by direct counting with trypan blue exclusion. All assays were done in triplicate and repeated 3-6 times. The percentage decrease/increase in cell number vs. control SFM was calculated and expressed as mean ± standard deviation (SD).
Intracellular signaling
To assess short-term effects of leptin in RF/6A and BCE cells, 70% confluent cell cultures at 4 th or 5 th passage were shifted to SFM for 24 h and then treated with 250 ng/mL leptin for 15 or 30 min, or left untreated. To test the effects of Allo-aca on leptin signaling, the cells were pretreated with the antagonist at 10-100 nM for 1 h before leptin addition. The long-term effects of leptin and Allo-aca were determined at 6, 12, and 24 h post treatment. Next, the cells were lysed and total cellular proteins were obtained as described previously [41] . The expression of ObR and downstream signaling molecules was evaluated by Western Blot (WB) in 50-100 µg of total proteins. The following primary antibodies (Abs) from Cell Signaling Technology (Danvers, MA) were used: for phosphoAkt, Akt Ser473 pAb, 1:500; for total Akt, Akt pAb, 1:1000; for phospho-STAT3, STAT3 Tyr705, D3A7 mAb, 1:500; for total STAT3, STAT3 79D7 mAb, 1:500; for phospho-ERK1/2, p44/42 mitogen-activated protein kinase (MAPK; ERK1/2) pAb Thr202/ Tyr204, 1:1000; for total ERK1/2, p44/42 MAPK pAb, 1:1000; for total COX2, COX2 pAb, 1:250. The following primary Abs from Santa Cruz were used: for ObR, H-300 pAb, 1:500; for NFκB, for NFκB p65A, pAb 1:500; for β-actin, Actin I-19 pAb, 1:500.The intensity of bands corresponding to studied proteins was measured using ImageJ program as described before [22] .
Angiogenic assay
The ability of cells to migrate and organize into enclosed spaces (ES) on Matrigel was carried out as described in detail previously [22] . Briefly, the cells at 4 th or 5 th passage were shifted to SFM for 24 h. Next, the cells at 1x10 4 (RF/6A) and 2x10 4 (BCE) were suspended in 200 µl SFM containing either leptin at different concentrations, leptin plus Allo-aca at different concentrations, Allo-aca alone, control unrelated peptide, or VEGF at different concentrations. SFM alone was used as a negative control. The mixtures were seeded in 96 well plates covered with polymerized growth factor-reduced Matrigel matrix (BD, Franklin Lakes, NJ), incubated for 3 h at 37°C and photographed using Olympus 1x81 phase-contrast microscope at 3.2 x magnification and Metamorph 7.5 program. The number of ES in the whole photographed area (representing central 70% of the well) was scored by two observers. Each experiment was done in triplicate and repeated at least 3 times. The mean number of ES ± SD was determined for each condition.
Quantitative Real Time PCR (qRT-PCR)
RF/6A and BCE cells at 70% confluence were shifted to SFM for 24 h and then treated with 250 ng/mL leptin for 3, 6, 24 h. To test the effects of Allo-aca, the cultures were pretreated 10-250 nM Allo-aca for 1 h. RNA was isolated using Trizol Reagent (Life Technologies, Grand Island, NY) according to manufacturer's instructions. A total of 4 µg of RNA was reverse transcribed in 20 µL of reaction volume using the HighCapacity cDNA Kit (Life Technologies). Four µL of the RT product were used to amplify leptin sequences using TaqMan probes Bt03211909_m1 for bovine leptin and Rh02788316_m1 for monkey leptin (Life Technologies). To normalize qRT-PCR results, parallel reactions were run on each sample for β-actin using a TaqMan probe (Life Technologies). The levels of target mRNA relative to β-actin mRNA were determined using a comparative CT method, as suggested by the manufacturer (Life Technologies). All reactions were done in triplicate and an average CT value (±SD) for all RNAs was calculated. The individual experiments were repeated at least 3 times.
Immunofluorescence
Leptin protein was detected in RF/6A and BCE cells by immunofluorescence (IF), as described by us before [42] . In short, 1x10⁵ cells were plated on sterile glass cover slips in normal growth medium. After 24 h, the cells were synchronized in SFM for 24 h and then treated with 250 ng/mL leptin in the presence or absence of 100 or 250 nM Allo-aca for 24 h. Next, the cells were washed with PBS, fixed for 10 minutes in methanol at -20°C, and permeabilized in 0.2 Triton X-100% for 5 min at room temperature. Leptin expression was detected using pAb A-20 (1:25 dilution; 2 h) and goat anti-rabbit IgG-FITC (1:1000 plus 1.5% blocking goat serum; 1 h). In control experiments, primary Abs were replaced by non-immune serum. Following staining, the coverslips were mounted using UltraCruz Mounting Medium containing 1.5 µg/mL of 4',6-diamidino-2-phenylindole (DAPI) to allow visualization of cell nuclei. All Abs and other reagents were purchased from Santa Cruz Biotechnology. The expression of leptin under different conditions was assessed using Olympus 1x81 phase-contrast microscope at 2 x magnification and Metamorph 7.5 program. The percentage of positive cells was determined in 10 visual fields.
Statistical analysis
All experiments were done at least in triplicates and data analyzed by Student's t-test.
Differences with p values of ≤ 0.05 were considered significant.
Results
ObR antagonist, Allo-aca, inhibits leptin growth effects in RF/6A and BCE cells
We first tested leptin time and dose-responses in RF/6A retinal and BCE corneal cells. Leptin was used at 50-500 ng/mL concentrations and cells were treated for 24-72 h. The maximal growth responses in both cell lines were observed at 24 h stimulation (data not shown), thus this time point was used in further experiments. In RF/6A and BCE cells, a 24 h leptin treatment induced cell growth in a dose-dependent manner at 50-250 ng/mL. The maximal mitogenic effect, i.e., 35% and 27%, in RF6A and BCE cells, respectively, was observed with 250 ng/mL, while the response declined under 500 ng/mL leptin concentrations (Figure 1 ).
In both cell lines, the treatment with 10-250 nM Allo-aca significantly reduced mitogenic activity of 250 ng/mL leptin. A complete inhibition was observed with 100 nM Allo-aca concentrations, while at 250 nM, the peptide reduced cell proliferation ~20% below base levels (Figure 2) , possibly by inhibiting endogenous leptin expression (see below). When added alone, Allo-aca did not produce any significant cytostatic or cytotoxic effects at 1-100 nM concentrations. In RF/6A cells, a weak (9%) agonist activity of 250 nM Allo-aca was detected. This effect, however, was not noted in BCE cells. A control peptide was inactive in this assay (data not shown).
ObR antagonist blocks leptin-induced angiogenic effects in RF/6A and BCE cells
In both cell lines, leptin increased ES formation at 50-250 ng/mL concentrations. The maximal stimulation of tube formation (by ~3.0-and 2.75-fold in RF/6A and BCE cells, respectively) was noted under the 250 ng/mL leptin treatment for 3 h (Figure 3 ). This effect was comparable to that of 100 ng/mL VEGF in RF6A and 200 ng/mL VEGF in BCE cells (Figure 3 and data not shown) .
The angiogenic activity of 250 ng/mL leptin was totally blocked by Allo-aca at 50-100 nM concentrations in both cell lines (Figure 4 ). Allo-aca alone did not affect tube formation up to 100 nM concentrations, and a control peptide was totally neutral in angiogenesis assays (Figure 4 and data not shown).
ObR antagonist inhibits several leptin-dependent acute and long-term intracellular responses in RF/6A and BCE cells
Leptin at 250 ng/mL activated STAT3, ERK1/2, and Akt in both cell lines at 15 min. Specifically, the phosphorylation of STAT3 was upregulated by 64 and 58%, of ERK1/2 by 65 and 49%, and of Akt by 21 and 55% in RF/6A and BCE, respectively. The response to leptin was in most cases less pronounced at 30 min ( Figure 5 ). The short leptin exposure did not affect the expression of p65 NFκB and COX2 (the latter was barely detectable in BCE cells) ( Figure 5 ).
We also studied long-term effects of leptin stimulation on the expression and/or activation of major ObR downstream targets ( Figure 6 ). In general, the maximal responses were noted at 6-12 h in RF/6A cells and at 6 h in BCE cells. In RF/6A cells, a prolonged exposure to 250 ng/mL leptin increased the expression of COX2 by ~38%, decreased the expression of NFκB by 16% as well as upregulated STAT3, ERK1/2 phosphorylation by 18% and 48%, respectively. In BCE cells, 6 h leptin stimulation did not modulate COX2 or NFκB, but increased STAT3 and Akt phosphorylation by 48 and 40%, respectively ( Figure 6 ). Interestingly, 24 h leptin treatment decreased COX2 and NFκB expression in RF/6A cells by 20% and 30%, respectively. The above intracellular responses were significantly reduced in the presence of 100 nM Allo-aca ( Figure 7) . None of the stimulatory or inhibitory treatments altered the expression of ObR in studied cells (Figures 5-7) .
Leptin upregulates leptin mRNA and protein expression in RF/6A and BCE cells. Allo-aca antagonizes this effect.
We found that under basal growth conditions RF6A and BCE cells synthesize leptin mRNA, the latter expressing ~7-fold more than the former (data not shown). The treatment with exogenous leptin for 3, 6, and 24 h further potentiated leptin mRNA expression in both cell lines. The maximal effects of leptin on its own mRNA synthesis, i.e., ~3.6-fold increase in RF/6A at 6-24 h and 1.7-fold increase in BCE cells at 6 h of stimulation ( Figure 8A ). This autocrine leptin synthesis was abolished by 100-250 nM Allo-aca in RF/6A cells and reduced 
Discussion
Ocular neoangiogenesis is one of the mechanisms implicated in vision threatening diseases, such as PDR, AMD and some corneal pathologies [2] . Current treatments for these diseases include laser photocoagulation, vitrectomy surgery and/or intravitreal injections of anti-VEGF agents. At present, FDA-approved treatments for wet AMD and DME include modified anti-VEGF antibodies and VEGF trap proteins. These drugs are experimentally used for other eye diseases, e.g., PDR [7] .
In addition to VEGF and VEGFR, other mediators of ocular neovascularization are being considered as potential therapeutic targets [4] . This includes leptin, an upstream activator of VEGF pathways as well as an independent angiogenic and inflammatory agent [6, 21] .
Although leptin is known to promote angiogenesis and endothelial cell growth [18, 21, 22, 43] , its function in ophthalmic cell models has not been systematically explored. Only one study described leptin effects in porcine retinal endothelial cells and provided a very limited data on ObR signaling [24] . Similarly, targeting ObR in ophthalmic in vitro or in vivo models has never been attempted.
Here, we studied biological effects of leptin and consequences of interfering with leptin signals in RF/6A retinal and BCE corneal cells that are accepted preclinical ophthalmic in vitro models [44] [45] [46] [47] [48] [49] [50] . In both cell lines, leptin stimulated mitogenesis at 24-72 h at 50-250 ng/mL concentrations. The observed ~30-35% growth response in response to 50-250 ng/mL leptin treatment in RF/6A and BCE cells is consistent with data obtained in non-ophthalmic endothelial cells [18, 19, [21] [22] [23] 51] and other cell types [41, 52] . Notably, the mitogenic concentrations of leptin in RF/6A and BCE cells were in the upper range of vitreous leptin levels reported in PDR patients (~37 ng/mL) [32] .
In this report, we demonstrated that biological leptin effects were paralleled by the activation of several acute and long-term responses. Intracellular leptin signaling in RF/6A and BCE cells was in part similar to that described for other cell types [14, 21, 27, 34, 41, 53] but also exhibited some unique features. In both cell lines, short-term leptin exposure activated the STAT3, Akt, and ERK1/2 pathways but did not modulate the expression of the inflammatory mediators COX2 and p65 NFκB. In contrast, more variability was noted under long-term leptin exposure. In both cell lines, 6 or 12 h leptin stimulation increased STAT3 phosphorylation. The treatment also augmented ERK1/2 activation at 6-12 h in RF/6A, but not in BCE cells. On the other hand, the activation of Akt was seen only in BCE cells at 6 h. The reason for these variations in signaling dynamics is unknown. It might reflect the levels of signaling molecules as well as dynamics in endogenous leptin synthesis. Garonna et al. described that prolonged leptin exposure upregulated COX2 expression in HUVEC [21] . Similarly, we noted significantly increased COX2 expression at 6 and 12 h in RF/6A cells, which was followed by a decrease in COX2 content at 24 h. However, in BCE cells, expressing very low COX2 levels, leptin did not affect this protein in a significant manner. We also noted cell-specific leptin effects on the NFκB pathway. Specifically, we and others described in various nonophthalmic models that leptin can stimulate NFκB through upregulation of p65 (Rel A) phosphorylation [37, [53] [54] [55] . In this study, however, we found a progressive decrease of p65 NFκB levels at 6-12 h of leptin exposure in RF/6A cells. This was somewhat surprising as coordinate expression of NFκB and COX2 was described in RF/6A cells in response to hypoxic conditions, and NFκB activation appeared to precede COX2 expression [56] . Potentially, temporal p 65 NFκB downregulation could represent natural oscillation of this factor [57] . One study described activation of p38 kinase in response to leptin treatment in HUVEC [21] , however, p38 levels were very low in both our cell lines and we were not able to detect any regulation of this kinase upon leptin short-or long-term leptin treatment (data not shown).
Interestingly, we found that the presence of leptin augments its own mRNA and protein synthesis in both cell lines. While leptin protein was found in ocular tissues by immunohistochemistry and ELISA [31] [32] [33] 58] , we are the first to report that retinal and corneal endothelial cells can regulate leptin expression through an autocrine mechanism. The possibility of intraocular leptin synthesis is also suggested by our preliminary findings that leptin mRNA is expressed in the eyes of animals with laser-induced neovascularization (data not shown). This suggests that retinal and corneal endothelial cells can produce endogenous leptin as well as respond to leptin in the circulation. Indeed, local and systemic leptin sources in ocular disease were previously suggested based on data obtained in patients [31, 32] . In this context, hyperleptinemia associated with diabetes or obesity might influence ocular neovascularization in the situations of compromised bloodretinal barrier.
All of the biological effects of leptin in RF/6A and BCE cells were inhibited by a specific ObR antagonist, Allo-aca. The efficacy of Allo-aca in endothelial cell models has never been tested before and our present data represent the first original report on targeting ObR in ophthalmic cells. In particular, Alloaca reduced RF/6A and BCE cell growth to basal levels at 100 nM, tube formation at 50-100 nM, cell signaling at 100 nM, and leptin mRNA and protein expression at 100-250 nM concentrations.
In summary, our report provides the original evidence that targeting ObR can reduce leptin mitogenesis and angiogenic differentiation in two different ophthalmic cell lines. Taking into consideration crosstalk between leptin and VEGF systems, one could envision that treatments employing combinations of drugs targeting both pathways could offer better efficacy and limit drug side effects and development of resistance. 
